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Faraday and Kerr Fffects in the Infra-red Spectrum. 

its expression in isosceles functions is 

and its harmonic expression is 

4rarer ~-~fsin r~r sin reef -~ sin 3r~r32sin 3r~ot -{- •c. } . 

Hence the rth component 

C~ = 2(tan A~rr 2*tan B) ~s in  r;u sin r~t+ sin 3rp5 "2sin 3rwt 
% . .  

sin 5r/~ sin 5r~t 
+ 52 + &c._, . 

If  h be the altitude of either of the given triangles, then 
h----p tan A =  (~r--/z) tan B, 

and the development for the complete wave is 
2h ~- sin 2~ sin 2oJt 

f ( t )=/~(~r--p)  ~ sin;~ sin~t + - - 2 ~  

sin 3~ sin 3o~t / + ~2 + &c. f . 
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III. On the Faraday and Kerr E~ects in the Infra-red 
Spectrum. By L. ~:~. INGERSOLL *. 

Introduction. 

T HE aim of the present work is a study of electromagnetic 
rotatory dispersion, particularly in the infra-red spectrum. 

Because of the important bearing of the phenomenon of 
magnetic rotation of the plane of polarization of light in the 
field of electro-optics, the subject has been investigated in all 
its various aspects by many observers during the last half- 
century, and the effects of the different factors which govern 
the rotation, such as strength of magnetic field, angle of 
incidence, and temperature~ carefully determined. The most 
important factor of all, however, if one considers the place it 
must have in any explanation of the phenomenon--the depend- 
ence of the magnetic rotation on wave-length, or m~gnetic 
rotatory dispersion--has been studied only over a very limited 
range of spectrum. Thus while the rotatory dispersion in 

* Thesis submitted for the Ph.D. degree, University of Wisconsin, 
]905. Communicated by Prof. C. E. iHendenhall. 
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4:~ Mr. L. R. Ingersoll on t]~e Farada! /and  

the visible spectrum may be considered as accurately knowu 
for many typical substances, measurements in the ultra- 
violet and infra-red have been scanty, and, especially in the 
latter, the broader and more important field, far from 
satisfactory. 

As a reason for this lack of attention to the infra-red, it 
may be urged that the problem of measuring rotations in this 
part of the spectrum is one of rather peculiar difficulty, 
necessitating as it does magnetic and electrical complications 
in spectrobolometric work which requires the highest order 
of sensibility. But even if an accuracy equal to that of 
visual measurements cannot be expected, the extension of the 
work into this field is nevertheless a matter to which con- 
siderable interest attaches ; for it is there that evidence must 
be sought in support of rotatory dispersion formuhe, which 
cannot as yet be considered as generally established, because 
of the narrow range of spectrum only over which they have 
been tested. The effect of absorption-bands on rotation must 
also be considered in this region, and whether or not their 
action may be accounted for by a type of dispersion fbrmula 
analogous to the Ketteler-Helmholtz. It is in the infra-red, 
too, that one must seek for an explanation of the anomalous 
character of the rotatory dispersion shown by magnetic 
metals, and question whether the rotation continues to increase 
with increasing wave-length throughout the infra-red spec- 
trum, and therefore perhaps be very considerable for electro- 
magnetic waves metres long. 

It was in the hope of throwing a little more light on these 
and similar questions, that the present work was attempted. 
The two distinct cases which arise will be treated separately. 
They are (1) Faraday rotation, or rotation suffered by the 
plane of. polarization of light transmitted through some sub-. 
stance in a magnetic field; and (2) the Kerr effect, or rotatmn 
due to reflexion at the polished pole-face of a magnet, or at 
a paramagnetic mirror in a magnetic field. 

PART I. 

FARADAY ROTATION. 

That radiant heat as well as light may show Faraday 
rotation was first proved by Wartmann *, and measurements 
of the rotation for a number of different substances were 
later made by De la Provostaye and Desainst and by 

Compt. Rettd. xxii. p. 745 (1846). 
t Amz. C/lim. Pl~ys. [31 xxvii, p. 282 (1849). 
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Kerr  E~ects in tl~e Infra-red St)ectrum. 4-3 

L. Grunmach +~. None of these experimenters, however, 
made any attempt to obtain radiations of uniform and known 
wave-length f,Jr their work; and G. ]~Ioreau 1" seems to be 
the only one who has heretofbre done this and so obtained 
measurements of magnetic rotatory dispersion in the infra- 
red. He determined the rotation in a tube of carbon 
bisulphide, placed in a powerful magnetizing solenoid, for 
wave-lengths ranging from 0"79 t* to 1"42/~. A beam of 
sunlight was passed in turn through a polarizer, carbon- 
bisulphide tube, and analyser, and its intensity after disper- 
siou by a prism of flint glass was measured by a thermopile 
placed in the spectrum. The method of observation, iu 
brief, consisted in determining the azimuth of the plane of 
polarization of the light emerging from the carbon bisulphide 
by two observations of the intensity of radiation for two 
positions of the analyser 90 ~ different in azimuth. Bv 
repeating this when the current was passing in the solenoid~ 
the rotation due to the magnetic field could readily be 
calculated. Measurements by ordinary polarimetric means 
allowed the calculation of the field-strengths by the use of 
known data~ and the effect of this field at the galvanometer 
was annulled by placing near by a small secondary spool in 
shunt with the main solenoid. IIe found rotations amount- 
ing in general to several degrees, being at ~=0"79 t~ equal 
to 52 per cent. of the rotation for sodium light, and at 
X,=1"4:2/,, 32 per cent., with an estimated maximum error 
averaging about 10 per cent. 

In the epresent work the magnetic rotation has been 
measured for thirty wave-lengths between X=0"58 t* and 
4"3 /,; carbon bisulphide, the substance generally used in 
magnetic polarimetry, being chosen for the test, because ot~ 
its high rotatory power, combined with transparency in the 
infra-red. A powerful electromagnet was used, instead of 
a solenoid, to furnish the magnetic field; for the gain in 
field-strength allowed the use of a shorter carbon-bisulphide 
tube without sensible loss of rotation, and with the great 
added advantage of less absorption of radiation in the infra- 
red. To simplify the problem, all other conditions upon 
which the rotation depends, such as field-strength, length of 
carbon-bisulphide tube, and temperatur%--save the wave- 
length of the light used,--were kept as nearly as possible the 
same throughout all the measurements, and hence need not 
be accurately known, since, being constant, they could in no 
way affect the form of the dispersion-curve, the determiuation 
of which was the desired end of the experiment. 

Wied. Ann. xiv. p. 85 (1881). 
"~ Ann. Chim. l'l~y~. [7] i. p. 227 (1894). 
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44 Mr. L. R. Ingersoll on tile Faraday  and 

Dispersion Formulce. 

I t  is not the intention to enter into a discussion of the 
various theories of magneto-optic phenomena which have 
been proposed b y  Maxwell, Lorentz, Goldhammer, Drude, 
and others, but rather to test, over a much wider range of 
spectrum than has heretofore been possible, the various 
rotatory-dispersion formulae deduced on the basis of each, 
and thus perhaps to furnish more evidence in favour of some 
one of them, or a modification. 

Among such formulae may be mentioned that due to 
Maxwell and formulated by Moreau *, 

and the very similar one of Van Schaik t,  

also that due to Joubin $, 

~= C ( n _ -  ,(3 ~?.dn-~ 

To these must be added the formulae given by Drude w 

a b t 

deduced on the hypothesis of. molecular currents ; and 

1 f d b ~ ~ 
= n ~. ~ + ~ x ~ -  xl~)~J ' 

deduced on the hypothesis of the Hall effect, Xl being in each 
case the wave-length of an ultra-violet absorption-band. 

With  the data hitherto obtained, it is impossible to decide 
definitely in favour of any one of these, for over the limited 
range of spectrum over which they have been satisfactorily 
tested--barely half a micron--i t  is possible, by properly 
choosing the constants, to make any one of them fit the ihcts 
sufficiently well. Moreau's work in the infra-red points in a 
general way to the formula of Joubin, although this is hardly 
as satisfactory as ~he others in the visible; but, as will he seen 
later, the points he obtained do not lie at all on a regular 
curve, and it is possible that his experimental error is larger 
than estimated. 

* Ann. CMm..Phys. [7] i. p. 341 (1894). 
"~ Arch. Nder. xvii. (1882) and xxi. (1886). 

Ann. Chim..Pl~ys. [6J xvi. p. 78 (]889). 
w Zclwbuch der Oytil6 pp. 396 & 40;]. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
6:

34
 2

9 
Ju

ne
 2

01
6 



l(err Effects in the Infra-red Spectrum. 45 

3Iethod. 
The method adopted has some points in common both with 

the one due to De la Provostaye and Desains * and that used 
by Moreau *. A beam of light after passing in turn through 
a polarizer, rotating substance between the poles of an 
electromagnet, and analyser, was dispersed and formed into 
a spectrum in which was placed the strip of a bolometer. 
Any rotation of the plane of polarization such as would be 
caused by exciting the magnet, would then cause an increase 
or diminution of intensity of the beam transmitted by the 
analyser, which effect could be measured for any desired 
wave-length by the bolometer and the rotation calculated 
accordingly. 

If  the principal planes of the polarizer and analyser make 
an angle a, the intensity at any chosen wave-length as 
measured by the bolometer may be represented by 

I = kI ~ cos ~a, 

where F is the intensity of this radiation incident on the 
analyser, and k takes account of absorption. Then any small 
rotation 3 of the plane of polarization, produced either by 
turning the polarizer, or by the action of the magnetic field, 
will produce a change in I, disregarding signs, 

d[ = 23kI ~ sin u cos a, 
or, dividing by I and solving for 3, 

3=�89 eot a radians, or 90~r ~ -~I c~ a degrees. 

As pointed out by De la t)rovostaye and Desains, dI will 
evidently be greatest for a = 4 5  ~ which is accordingly the 
angle chosen. For any rotation the value of ~ may be 
obtained, if a---- 45 ~ from 

d I =  kI' {cos: (45 ~ • 3) --cos ~ 45 ~ = -T- �89 sin 23. kI', 
o r  

= �89 sin -1 Tdi" 3 

In this way the magnetic rotation for any chosen wave- 
length may he determined by a measurement of the intensity I 
of that wave-length in the spectrum, and of the change in 
intensity dI when the magnet is excited, or better, when it is 
reversed, since this gives a doubled effect. Both I and dI 
are determined as galvanometer-deflexions, and from their 

* L o c .  t i t .  
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46 Mr. L. R. Ingersoll on tile ffaradaj and 

ratio the rotation is at once calculated. This method as so 
far described has about the same possibilities of sensibility as 
that of Moreau,--with the advantage, however, that the 
rotation is obtained almost directly, instead of as the differ- 
ence between two large angles; but its ability to measure 
small rotations may be greatly increased by the following 
simple scheme. Suppose it is possible, after measuring the 
intensity I, to increase the bolometer sensibility in a known 
ratio, say twenty times, and at the same time to shift the zero 
of the galvanometer so that the reading, which the radiation I 
in connexion with the greatly increased sensibility would 
otherwise throw far off the scale, may still be brought 
within the field of vision. In this way, the change of inten- 
sity eli, which is in general only a small fraction of I, may 
be effectively magnified and made to produce a galvanometer 
deflexion of the same order as the latter, with a corresponding 
increase in the possible accuracy of measurement, for the 
change of sensibility may be readily effected by cutting out 
resistance in series with the galvanometer, and the shift of 
the zero by simply adjusting the balance of the bolometer. 

Description of Apparatus. 

Before describing the apparatus in detail, certain special 
requirements of the problem should be noticed. Since rota- 
tion appears as a change of perhaps only a few per cent. in 
the energy at any wave-length~ it is evident that for accurate 
measurement a very intense spectrum is demanded. This 
must be formed moreover of light which has been polarized, 
transmitted down the axis of the magnet, analysed, and which 
has suffered a number of other losses by reflexion and absorp- 
tion ; hence the necessity for a very brilliant source. It  is 
clear, too, that this source must be exceptionally constant, 
for changes of intensi U might be falsely interpreted as 
rotations. 

These requirements have been met by the use of a Nernst 
glower, with special protective covering, as a source. The 
formation of a parallel beam, as is generally used in polari- 
metry, which should be of sufficient intensity, and of small 
enongh cross-section to suit the necessarily small apertures in 
the poles of the magnet, u'as found impracticable : a conical 
beam was therefore used, which converged to a focus at the 
only points where small aperture was demanded,--between 
the poles of the magnet and on the slit of the spectrometer. 
The latter instrument had short-focus mirrors, and was 
designed to give as intense a spectrum as possible without 
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Kerr J'~'ects in tile LCm-~'ed Spectr~tm. 47 

Che sacrifice og purity to the extent of causing a dispropor- 
tionately large error in the measurement of wave-length. 
.As to the actual intensity" of the spectrum, it may be stated 
that  with the arrangement used, galvanometer-deflexions were 
not uncommon, measured with reduced sensibility, which 
would correspond, on the basis of full sensibility, to 1500 
centimetres on the scale. 

The general arrangement of apparatus may be seen from fig. 
(p. 48). Light  from the N'ernst glower G 1 was polarized by 
reflexion at the pile of thin glass plates P, and after reflexion 
at ;V[ t formed a real image of the glower between the poles 
of the magnet, and again on the slit, after reflexion at M~ 
and from the pile of analyser-plates A. This was drawn out 
into a spectrum at the bolometer-strip ]3 by a 60 ~ rock-salt 
prism. The latter had the customary Wadsworth minimmn 
deviation mounting, the plane mirror being a ]3rashear flat 
4 x 10 cm. The prism itself had faces 4 x 5 cm., polished by 
Brashear, and was protected by an enclosure, not shown in 
the diagram, mounted on the spectrometer-table and con- 
taining sulphuric acid. The table was rotated by a micro- 
meter-screw connected with a steel strap pulling tangentially 
over a lever arm. One division of the micrometer-head 
corresponded to a rotation of 0"06 minute of arc. The 
mirrors M1, M2, M3 were each 40 cnls. in local length, while 
M4 was 30 cms. They were mounted, together with the 
other parts of the spectrometer, on heavy slabs of slate. 

The broken lines represent various adjustments which, by 
means of cords, could be conveniently made by the observer 
without moving from his position in front of the galvano- 
meter scale. (1) Could be used to rotate the polarizer; 
(2) allowed the carbon-bisulphide tube to be thrown in or 
out of the path of the beam ; (3) operated a shutter in front 
of the slit ; (4) rotated the mirror M~ and hence shifted the 
image of the glower on the slit. 

either bolometer nor galvanometer present any especial 
novelty of construction, save that the latter was nmde as 
compact as possible to allow effectual shielding. I t  was of 
the type described by Mendenhall and Waidner*,  and had 
four coils of twenty ohms each, measuring 16 rams. outside 
and 2 rams. inside diameter. The system, which had of course 
quartz-fibre suspension, weighed something less than 2 mg. 
and had a mirror 1 ram. square. Deflexions of the im:Jge 
of a fine wire in front of a Nernst glower G2 were observed 
on a scale a metre and a half distant. Fairly good magnetic 
shielding was secured by surrounding it with six concentric 

* Amer. Journ. Sci. xii. p. 249 (Oct. 1901). 
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48 Mr. L. R. Ingersoll on tlte F~lrada] artd 
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Kerr Effects in tl~e Infra-red Spectrum. 49 

sections of annealed steel pipe. This arrangement could be 
made to give a sensibility of 4 x 10 -1~ for 5 ohms resistance, 
but considerations of steadiness and of proportionality of 
deflexions led to reducing this to about 2 x 10 -l~ amp. per 
ram. with 10 sec. period, for ordinary usage. 

The bolometer used in most of the work had strips �89 ram. 
wide and 8 rams. long. Heavv copper leads connected it 
with the balancing-bridge, and"switches, Sw, which permitted 
reversal of galvanometer connexions and also changes of 
sensibility in the approximate ratios--3"5, 9, and 28 times 
respectively. At  highest sensibility a candle at a metre's 
distance gave a deflexion corresponding to 200 centimetres 
on the galvanometer-scale. 

The magnet was designed to give the greatest fietd-sfrength 
over ranges of several centimetres, with the smallest external 
field possible. The pole-pieces were of Swedish iron 9 clns. 
ill diameter, and were bored with conical holes narrowing 
from 5 cms. diam. at the outside ends, to a slit 5 mms. wide 
and 16 mms. high i~ the conical ends. The advantages of a 
rectangular opening over a circular one are obvious, con- 
sidering the shape of the glower used as a source, When 
excited with about 100,000 ampere-turns, it gave fields as 
high as 26,000 lines per cm. over an area of "~ few square 
millimetres, using pointed pole-pieces. I t  will be noted thai 
this is not as great as the fields which may be obtained with 
the du Bets ring type of magne t ;  but it may be remarked 
that in the present work the air-gap was never in practice 
much less than 3 cms., with, of course, a necessarily great 
loss of field-strength : therefore, since the ring type depends 
ibr its powerful fields, not on an excessive number of ampere- 
turns, but on the low reluctance of its magnetic circuit, it is 
doubtful whether its performance under the same circum- 
stances would excel that of the present type. IYforeover, tlw 
varied adjustments of which it must admit would be impossible 
in a magnet of the ring type , - -a t  least without very great 
modification. 

The external field was small and its effect at the galvano- 
meter was compensated fbr by a secondary coil of high 
resistance, placed near the latter instrument and connected 
in shunt with one of the main magnet-coils. When run at 
full power there was necessarily considerable heating about 
the magnet, and to protect the neighbouring apparatus from 
this, the whole magnet was enclosed in a large wooden box 
(not shown in diagram) whose sides were water-jacketed. 

Analyser and polarizer were each made up of a number of 
plates of microscopic cover-glass 3"5 • 5 cms. and 0"2 iron. 

Phil. ~llag. S. 6. Vol. 11. No. 61. Jan. 1906. E 
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50 Mr. L. R. Ingersoll on the Faraday and 

thick. Reflexlon from thin glass plates, while by no means 
free from objection, seemed to be the only practical scheme 
of obtaining polarized radiations for this work ; for the use 
of a polarizing grating would involve too much loss of energy, 
and the absorption of any doubly-refracting substance makes 
its use prohibitive beyond about ~=2"5 t~. The polarizer 
carried a divided circle and was so mounted that it could be 
rotated about the axis of the 1)earn. The glower was arranged 
to rotate with the polarizer, and at the same time to turn 
about an axis of its own, so as to keep its image on the slit 
always vertical. The analyser also had a number of possible 
adjustments, and carried with and parallel to it a plane silver 
surface, by reflexiou at which, after passing the polarizer, 
the beam would be brought out parallel to its original 
direction. 

Because of its rather exceptional performance as regards 
brilliancy and constancy, the glower and its mounting are 
worthy of special mention. When unprotected and in the 
open air, a ~Nernst glower may suffer variations of intensity 
of upwards of one or two per cent., even when supplied 
with a perfectly constant E.M.F. This is doubtless due to 
irregularities of convection; and at the suggestion of Prof. 
Mcndenhall it was tried inside an enclosure made of plaster- 
of-Paris or cement. This gave a much greater constancy, 
and as the objections to the plastei- enclosure, which was soon 
destroyed by the heat, have since been removed by making it 
of firebrick, it leaves little to be desired as a source tbr infra- 
red work. Specimen curves have been obtained, using 
96-volt direct-current glowers made by the ~Nernst Lamp 
Company of Pittsburg, and furnishing the current with a 
storage battery, which show a maximum variation of inten- 
sity of less than ]!~ per cent. for several minutes at a time. 

Some of the special adjustments may be mentioned. The 
analyser and polarizer piles of plates were set with the aid of 
a nicol at the angle of incidence which gave most completely 
polarized reflected light. It  might be supposed that this 
setting would have to be changed to suit the different wave- 
lengths used; but as a matter of fact, as will be pointed out in 
a discussion of the sources of error, it was not a sensitive 
adjustment, and might be made once for all with sufficient 
accuracy for all wave-lengths within the range over which it 
was possible to work. The angle between the principal 
planes of the polarizer and analyser was determined by 
placing a large nicol with divided circle at N, and setting so 
as to exti~gtfish, first, by crossing with the principal plane of 
the polari~:eG aud, second, with that of the analyser. In 
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Kerr Effects in the Infra-red Spectrum. 5l 

general this angle was made 45 ~ When ready to take a 
set of readings, the small compensating-coil was adjusted in 
position till the galvanometer-zero was unchanged by the 
action of the magnet. 

Because of the greater freedom from magnetic as well as 
mechanical vibrations, the observations were all made at 
night. With the spectrometer set at the desired wave-length, 
the total energy I was first measured with reduced sensibility. 
Then, with the slit still open, the sensibility was increased 
step by step, the bolometer at the same time being balanced 
to keep the reading on the scale. When the magnet was 
excited the galvanometer showed a deflexion, indicating 
either an increase or decrease of intensity dI. The magnet- 
current was then reversed, the new deflexion observed~ and 
the operation repeated so as to give usually five readings iu 
either direction. The gah, anometer connexions were then 
reversed, and the process repeated; for in this way, it will be 
observed, any small outstanding effect due to the direct action of 
the magnet on the galvanometer would be eliminated, while 
at the same time a second set of readings was obtained which 
served to form a very good check on the first. An occasional 
set of readings with the carbon-bisulphide cell removed 
served to show if  any other cause was also acting to produce 
rotation. 

The mean difference of the galv'mometer readings when 
the magnet-field was direct, and when it was reversed~ gave 
2 dI, and the firs~ measureinent of the total intensity gave I, 
and their ratio, on the basis of the same sensibility, deter- 
mined the angle of rotation. The method of computing the 
mean dI was mainly graphical and need not be described in 
detail, but it will serve to remark that it was designed to 
render as ineffective as possible errors due to bolometer 
drift and ~ariations~ of the source, as well a s to eliminate 
completely any chance of personal bias as to any one or 
more observations. 

Sources of Error. 
It is to be particularly noted at the outset, that only those 

errors are of first importance which are selective in action, 
and hence affect the determinations for different wave-lengths 
unequally. For, while it is of course desirable to know the 
absolute magnitudes of the rotations, for convenience in 
checking the results by other methods, if the error can be 
shown to be ~ constant one which applies e~lually to all 
wave-lengths it can have no effect on the correctness of the 
results aimed at, i .e.  the form of the rotatory dispersion 
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52 Mr, L. R. Ingersoll on tile Faraday and 

curve, and hence need be only approximately determined. 
This point will be mentioned again in connexion with certail~ 
of the errors to be considered. 

Errors may otherwise be conveuicntly grouped into two 
general classes : those incidental to tile measurement of the 
ratio dI/I, and those occurring in tile interpretation of this 
result as rotation for radiations of a definite wave-length. 
Those of the first class will in the main be somewhat coin- 
pensating, and their effect may be best observed by plotting 
from the above table di /[  with wave-lengfll, and noting how 
closely the points ibllow ~ regular curve. Those of the 
second class may be systematic, m~d their effect is more diffi- 
cult to estimate directly. 

As sources of errors of the first ldnd may be mentioned :---- 

u in brilliancy of the Nernst glower. 
Disturbing effect of m~gnet on galwummctcr. 
Bolometer unsteadiness and drift. 
Changes of temperature due to heating of magnet. 
Inaccurate determination of the sensibility reduction 

ratios. 

Considering them briefly in the order given,--the wtriations 
of the glower, as explained above, were small, and their eflbct 
was eliminated by taking the average of several deflexions in 
each direction, in rapid succe.~sion. The graphical lnethod 
of computing this average was especially useful in enabling 
one to detect and allow for such accidental variations. 

It  was impossible to eliminate entirely the effec~ of the 
magnet on the galvanometer even wi(h the most careful 
shielding and with the aid of the small coin. pensatino_-. ~ solenoid.. 
because of the unequal heating effects m the different coils. 
However, by frequently adjusting this solenoid, by altering 
its distance from the galvalmlneter, the effect might be made 
small ; and by reversing the galvanometer eonnexions and 
averaging the two sets of readings, it was practically 
eliminated. 

The matter of bolometer drift was rather troublesome, and 
would seam to be due partly to the high sensibility which 
was demanded of the instrument, and partly to the fact that 
the method of observation necessitated frequent changes of 
balance. However, the effect of drit~ was far less disturbing 
in this than in most speetrobotometric problems, and, like 
errors due to the variations of the glower, it was largely 
eliminated from a series of readings by taking the graphical 
l u e a n .  

Heating of the magnet doubtless gave rise to slight changes 
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Kerr E~'ects in the Infra-red Spectrum. 53 

of ileld-strength, although determinations with a small test- 
coil showed the effect to be small. But any possibility of 
this error being selective was removed by so choosing the 
succession of wave-lengths to be tested, that the rotation for 
the same or neighbouring parts of the spectrum might be 
measured at different times under very different heating con- 
ditions. The temperature  of the carbon bisulphide was kept  
constant to within one or two degrees by a water-jacket 
around the containing tube, hence the error from this source 
would be less than one per cent. 

Sensibility ratios were determined by measurements of the 
same intensity of radiation with the two sensibilities, the ratio 
of which was desired. Although the discrepancy between 
successive determinations made in this manner was some- 
times as much as three or four per cent., so many tests were 
made that the probable error of the accepted values was very 
much smaller. 

Judging  from the agreement in different results, for the 
same or neighbouring wave-lengths, the cumulative effect of 
the errors of this class is to produce an uncertainty of probably 
less than two or three per cent. over the greater range of 
spectrum studied, although at the ends it is considerably 
increased. To be certain that this rotation was not in part 
due to some other cause than the :Faraday effect in the 
carbon-bisulphide, the cell containing the latter was removed 
and a number of tests made, which, as may be seen from the 
table of results, showed that such spurious rotation was too 
small to be definitely detected. The rotation due to the thin 
glass ends of the ceil was entirely negligible, being only about 
one-fifth of one per cent. of the other. 

As causes of the second sort of errors maybe  ment ioned: - -  

Inability of the pile of plates to polarize completely. 
The use of a non-parallel beam of light. 
Impur i ty  of spectrum due to stray light and to the use 

of a broad bolometer strip and slit. 

Regarding the first source of error, it is evident that the 
light would be incident on ~he polarizer-plates over quite a 
range of angle, because of the appreciable size, as well as 
nearness of the glower, which was only about 10 cms. distant; 
hence complete polarization could not be expected in the 
reflected light. Then, since the formula used to reduce the 
quanti ty dI/I to a rotation through a certain angle was 
deduced on the supposition of completely polarized light, the 
results obtained with it must be subject to a correction which 
will now be calculated. 
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54 Mr. L. R. Ingersoll on tlte _Faraday and  

Let I ~ represent the intensity, for any chosen wave-length, 
of" the beam of natural l ight incident on the polarizer. Then 
the reflected beam will be made up of two parts , --  

~ K11 / (polarized in the plane of incidence) ; 
and 

aK 11 / (polarized perpendicular to the plane of 
incidence), 

where K1 is a factor which takes account of the percentage 
of light reflected by the surfaces, and a is a constant to be 
determined later. 

On emerging from the analyser, whose plane of incidence 
makes an angle ~ with that of the polarizer, the intensity is 

I = � 8 9  K1K2I' costa+�89 - K1K~ 1 / b sin 2 a 

+ �89 K1Ks I '  a sin s a + -~ K1Ks I '  a b cos s a, 

where b and K~ are constants for the analyser corresponding 
to a and K1 for the polarizer. In general a and b will be 
sm,dl and their product may be negleeted; henee, dropping 
the last term and collecting, 

I =-1,2 KII~ I '  {cos ~ a +  (a + b) sin s ~}. 

A small rotation ~; will eause a change, 

d I =  --~ K~K~I' (1 - -a - -b)  s lna  cosa. 
Solving, 

~ = _  dI cos s ~+  ( a +  b) sin s 

or, if' . = 4 5  ~ 
~ = _ � 8 9  dI  l + a + b  

I l--a--b" 

The constants a and b are seen to represent the ratios of 
intensities of the light polarized perpendicular to and in the 
plane of incidence, for both polarizer and analyser. They 
may be determined with the aid of a nicol or other com- 
pletely polarizing agent placed at N, fig. 1. I f  its principal 
plane is turned at right angles to that of the polarizer, the 
intensity of the light on emerging from the analyser will be 

I1 = �89 a K1K2K,~ 1 / sin: ot + 1 ab K1KsK311 cos s a, 

where K3 allows for absorption in the nicol. 
I f  crossed with the analyser instead it will be 

13=�89 b K1KsK31 / sin s a + ~ ~ K,K~K~ I I cos s ~. 
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Kerr E~ects gn the Infra-red Spectrum. 55 

When set with principal plane parallel to that of polarizer 
or analyser, respectively, the intensity will be given by 

I~=�89 K1K~K3 F (cos ~ ~ + b sin ~ ~), 
o r  

I~-----~ KIK~K~ F (cos ~ a + a  sin ~ a). 

making a-~45 ~ and dropping tile second terms of the 
four equations, as they may be neglected with respect to the 
first, a and b become on solving, 

and hence may be readily measured as the ratio of two 
intensities. 

It  might reasonably be expected, since the plates were set 
at the same angle |or all wave-lengths, that a and b would 
depend largely on the wave-length tested. Such, however, 
has not been ~ound to be the case, at least to any appreciable 
extent, over the range of spectrum ibr which a nicol was 
transparent enough to be used in measuring them, say as far 
as X=2"5/~. Then, since from there to k = 4 ' 3  ~ the varia- 
tion in the refractive index of glass, and hence of the 
polacizing anglo, is small, a and b could be regarded as con- 
stant, within the limits of accuracy required in the work, over 
the whole range of spectrum for which it was possible to 
measure rotations. This was undoubtedly because the varia- 
tion of the angle of complete polarization with wave-length 
was much smaller than the unavoidable variation of the 
angle of incidence over the surface of the plates. The tests 
gave the value of a as "025 and t, as "035, making a correction 
of 12"8 per cent. to be applied to the rotations as determined by 
the expressions �89 dI/I or ~ sin - t  d[/I ; for while the correction 
has been calculated only~for small angles of rotation, it may 
be applied to any rotation actually measured, with sufficient 
accuracy. With regard to the magnitude of the correction, 
it may be noted too that~ so long as it applies equally to 
all wave-lengths, its actual value is a matter o[ secondary 
importance. 

The use of non-parallel light resulted in the edges of the 
beam being polarized in slightly different planes from that of 
the centre. This would cause an effective variation of a for 
ditI~rent parts of the beam, but such small uncertainty wouht 
be less than that of the determination of a itself. Fortu- 
nately such errors, as well as those incidental to the setting of 
the polarizer and analyser, were also of secondary importance, 
being non-selective in character. To be free from elliptical 
polarization which might result from reflexion at the mirrors 
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56 ,Mr. L. R. Ingersoll on the Faraday and 

M1 and M2, the polarizer was in general set so that its plane 
of incidence was parallel and perpendicular respectively to 
the planes of incidence on these two mirrors. It should be 
noted that the elliptical polarization which would inevi, tably 
be introduced by the oblique rei]exion at the silver surface, 
immediately after passing the analyser, as well as the polariza- 
tion which would occur at the faces of the prism, could have 
no disturbing effect, since after the radiation had once passed 
the analyser its state of polarization was of no moment. 

Purity of the spectrum was tested by double dispersion, 
and although~ as might be expected, considerable impurit.y 
due to overlapping slit-images was found, only a trace of stray 
radiation could be discovered. To take account of the error 
due to impurity, correction was made for the width of slit 
and bolometer-strip. The "5 mm. strip subtended an angle 
of 5 r, corresponding to from "02/~ to "4it in the rock-salt 
spectrum. The slit was even wider as a rule, and it might 
be thought that such an arrangement, while necessat~y to 
secure sufficient energy for the measurements, would involve 
such a large correction as would seriously prejudicethe 
accuracy of the work. But, while by no means negligible, 
the corrections in the present case prove to be much smaller 
than in most other spectrobolometric problems involving a 
like amount of impurity, because they are of a differential 
nature; for the rotations were determined, not by a single 
measurement of energy at any point of the spectrum, but 
by the ratio of the two quantities dI/I, and hence only 
the difference of the separate corrections to dI and I need 
be applied. These separate corrections were determined 
for each of the curves of dI and I plotted with wave- 
length (the curve of dI, while not an energy-curve in the 
ordinary sense, is exactly analagous to one and may be 
treated in a similar manner) by the simple method of correc- 
tion for slit-width due to Lord Rayleigh, and outlined in 
Preston's 'Heat , '  p. 606 (last edition). The difference, or 
resultant correction, varied from 2 per cent. at ~ = l t ~  to 
--4 per cent. at 3t~. That the correction should be small 
was indicated by measurements of rotation for the same 
wave-length, with different slit-widths, which gave results in 
good agreement. 

Results. 

Table i. is a synopsis of the principal results. Rotations 
are given for forty-two points of the spectrum (including 
duplicates), as produced by carbon bisulphide in a tube 
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Kerr ]~ffecls in the lJO~'a-red Spectrmn. 

TABLE I. 

57 

Series�9 W~ve- 2 d I  d [  length. I. 2dI~. 2 dI  2. 5Iean2di. I " ~ s in -1  T "  Rotation.C~ 

e r a .  e l n .  e n l .  O i l .  o 

a ...... 0"58 9"1 8"7 9"0 8"85 "972 14"51 * 1~ 
,, 0"69 47"4 33"6 33.6 33"6 "710 10"44) * 1182 
,, 0'78 34'8 16'5 17"3 !6"9 "486 7"03 * 7"98 
,, 0"81 180 ~ 80"0 84"2 82"1 "456 6 5 8  * 7"49 
,, ] "02 172 53"6 53"8 537  "312 4'48 5'12 
,, ] "24 669 152 146 149 "223 3"12 3"58 
,, 1"62 1147 155 154 1545 "135 1"93 2'20 

635 88'0 $7"5 87"75 "136 1"95 2'22 
" 2Z'20 1065 77"7 798  78"75 "074 1"07 1"19 
,, 2"37 543 35�9 34"6 34"85 "064 "92 1"02 

2"50 744 43"5 42"5 43"0 "058 "83 "91 
,, ...... 2'80 332 17"5 16'3 16"9 "051 "72 "79 
., 3"00 109-5 51 5"3 5"2 '048 -69 "75 
,, 3"15 128.8 6'0 5"2 5'6 '044 "63 "69 

330  103.1 5"1 4 5  4'8 "016 "67 "72 
3"50 58-5 2"2 2"9 2�9 '044 "63 "68 

,, 3"64 47.0 1 "5 1"8 1 65 "034 "48 -53 
3"90 52.7 1 "0 2"2 1"6 "030 "43 '47 

5 300  341 15"4 1 6 " 1  15"75 "046 "66 '72 
,, 3"31 144 5'9 6"t 6 0  "042 "60 "65 

350  ~.~9 4"7 3"6 4"15 -042 "60 "65 
,, 3"64 77.8 3 2  3 3  3'25 "041 "58 "63 
,, 3"77 82.7 2'8 3'0 2"9 "035 "50 "54 

3'90 86"0 2'9 3 0  2'95 "0~4 "49 "53 
,, 403  765 3"4 3"2 3"3 "043 "61 "67 
,, 4"16 45'1 1-1; 2'1) 1"8 "040 "57 "63 

4'31 32.1 1"3 17  1'5 "o47 "68 '75 
c 0"63 11"8 10"8 11"5 11"15 "949 14"16 16"10 

0'70 32'9 24"4 24'2 24 3 "738 10"83 12"33 
0'84 158 79'2 79'7 79"45 "503 7"27 8"25 
l '10  618 175 176 175"5 "284 4'08 4.65 
1"40 1140 213 208 210�9 "184 2 6 4  3"00 
1"64 1465 193 190 191"5 "130 1"87 2"12 
1"80 149b 157 155 156 "105 1"51 1"79 
2"10 1370 112"5 112.5 112"5 "082 1"17 1"30 
2.44) 1180 : 77'4 74"7 76 05 "064 "92 1"01 

,, 2"68 618 "~:'0 33-8 33.9 "055 "78 "85 
,, 3'00 228 10�9 10�9 10"45 "046 "66 "72 

330  98"3 4"7 4"9 4"8 "049 "70 "76 
98'3 5"2 5'0 5"1 '052 '74 -81 

,, 3'.(~5 72"8 3"2 3"2 3'2 '04~ "63 "69 
4"03 54"4 2"0 2"4 2"2 "040 "58 "64 

~ 0'78 37 -- '5  --'.5 --'O13 
.~ ~ 1'02 270 "6 ""6 "75 '003 

~ ~ 2"37 660 "7 '7 "00l 
o.= ~ 3"00 165 -- '1 ~ -- '05 ~ '0003  

"~ ~ 2, 3'30 200 "1 00 "05 "0001 
O 4"16 75 - "2 "2 00 00 

* Probably several per cent�9 too low, for reasons which will be mentioned. 
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58 Mr. L. R. Ingersoll on the Faraday and 

4"125 cms. long and at a temperature of 29 ~ C. The field- 
strength was approximately 6000 c.c..s, units, and was given 
by a magnet-current of 18"7 amp. The columns marked 
2dI1 and 2dI~ give the means of the several galvanometer- 
deflexions as explained above, the second column being made 
with the galvanometer-connexions reversed. All denexions 
are stated in terms of the highest sensibility, and have 
galvanometer-proportionality corrections applied in all cases; 
but because of a certain amount of unsteadiness which is 
unavoidable--due mainly to small variations of the source-- 
readings are given only to the nearest millimetre, and in 
some cases--where a large reading is obtained from one 
which is actually very much smaller, by reducing to a con- 
stant sensibility as a basis--only to the nearest centimetre. 
The considerable differences which are seen to occur, in the 
values of [ in separate determinations on the same wave- 
length, are due to different slit-widths, or to different 
brilliancies of the glower on the two occasions. 

The last column has been obtained from the previous one 
by the application of the correction factors previously de, 
duced, necessitated by the existence of partially polarized 
light and by impurity of the spectrum. These results have 
been plotted in fig. 2, the circles representing the points of 
series a ; the crosses, those of b ; and the triangles, those of c. 
The small circles connected by dotted lines represent the 
determinations of Moreau, plotted, for comparison's sake, to 
the same scale, so that the rotation at X='79 t~ shall be the 
same in each case. 

From the nature of the problem it is impossible to do more 
lhan estimate the probable error of the results, but, as pre- 
viously mentioned, it is believed that the best idea of it may 
be gained by noting the variation of the points from the 
mean curve. For, since the points were all determined 
independently and with many, different adjustments and 
changes of slit-width, &c., it is difficult to see how any 
systematic error could remain undetected, save perhaps one 
which applied equally to all wave-lengths, and this would 
only alter the scale or' the diagram. The probable error of 
some points is much less than of others. Thus, in making 
measurements on the shorter wave-lengths of series c, a 
water-cell was interposed in the path of the beam, to absorb 
the slight amount of stray infra-red radiation, which was 
thought to have caused too low values in the corresponding 
points of series a, so these points in series c are accordingly 
given greater weight in drawing the curve. Other things 
being equal, those points, for the determination of which the 
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Kerr Effects in the Infra-red Spectrum. 59 

greatest amount of energy was available as shown in the 
I column in Table I., are the more accurate; hence the 
probable error increases considerably at the ends, especially 
at the infra-red end, where both rotating-power and energy 

Fig. 2. 
Variation of the Faraday Ei~eet with wave-length ; constant field. 

~o 

f]//II/EZENa 7H 

P r e s e n t  w o r k .  

. . . . . . . . . . . . . . . .  M o r e a u ' s  r e su l t s .  

are rapidly decreasing. A check on the general accuracy of 
the work has been furnished by visual measurements with a 
half-shade polariscope using sodium light. These gave a 
rotation of 17~ as against perhaps 17~ taken from the 
curve, which is a considerably closer agreement than might 
be expected, the discrepancy, indeed, being no greater than 
the uncertainty in reading a point from the curve. 

Table IL  is a comparison of the results obtained by experi- 
ment, including those of Moreau, with rotations calculated by 
means of the four principal formulae mentioned above, all 

5~ 
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60 Mr. L. R. Ingersoll on the t~arada!/and 

results, for the sake of comparison, being brought to the same 
scale by letting the rotation for the D line equal unity. The 
figures for the formulm of Joubin and Max~,,ell are taken from 
a table given by Moreau *. The formula is, as given by this 
writer, 

~ = C ~ + C  X ~, w h e r e m = - - X ~ .  

Log C=1"29814 and log C'=2"43254, if X is expressed in 
terms of hundredth microns. 

In the formula of Maxwell, 

3= ~ t. d X )  

log k=2"87687, and log k'=4"11114. The 6gures given by 
Moreau have been extended to X=-2"0 u, which, if the writer's 
knowledge is correct, is as far as the refractive index of 
carbon bisulphide is accurately known. The tbrmula of 
van Schaik gives ahnost identical results with this of Maxwell 
in the infra-red, and hence need not be further mentioned. 

The formulm of Drnde without modification are inadequate, 
for the presence of the carbon-bisulphide absorption-baud at 
X='212 g will be of little effect in the infra-red, and will be 
entirely insufficient to cause the singular flatness of the curve 
in the neighbourhood of 3"5 ix. However, carbon bisulphide 
has also a well-marked absorption-band at 8'05/~-, and by 
adding a term which shall take account of this in the same 
way that the second term does the ultra-violet band, it is 
possible to fit the formul~e more closely to the facts. 
Accordingly they are written 

where 

and 

where 

a b c } 

a = - 0 " 0 1 3 6  ; b =  +0"1530 ; c=--0"2370 ; 

X1~='045 ; X~2-----64"8 ; 

3 =  1 [ # blX ~ c'X ~ 
1 + + J '  

a ' = + C ' I 1 6 7 ;  b '=+0"2379  ; c/-=+3"482. 

* Zoe. cir. 
0 

"l Anffstr5m laces this band at X--~8'4/x (Ka ser's 'S ectroseo ie' 
Bd. iii.p. 371), Chich value would serve tile purpo~Ye almost aP~ well asPthe 
above with a slightly different choice of constants. 
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Kerr Efects in the Infra-red Spectrum. 61 

The constants  a and  b, a / and  b r, a re  those ~ v e n  by  D r u d e  
for  the  formulm as app l ied  "to ro t a to ry  d ispers ion in  the  visible 
spec t rum,  c and  c / have been de t e rmined  for  wave - l eng th  3/~. 
The i r  presence  has  p rac t i ca l ly  no effect on the  formulm as 
appl ied  to the  vis ible  spec t rum,  so the  va l i d i t y  in tha t  reg ion  
has no t  been sacrif iced.  The values  of n beyond  ~ . = 2 / ~  used 
in ca lcula t ions  wi th  these two formulm have  been ob ta ined  by  
p r o l o n g i n g  the  d i spers lon-curve  a l r e a d y  known.  Unless  the  
o r d i n a r y  d i spers ion  of ca rbon  b i su lph ide  be tween  2 / ~ a n d  
4/~ is v e r y  anomalous ,  which  is un l ike ly ,  the  values  so 
ob ta ined  are  more  than  suff iciently accu ra t e  for  the  purpose .  

As  m a y  be seen, both  the  formulm of Drude ,  as modif ied,  
fit the  case much  be t t e r  than  the others.  As  to d i s t i ngu i sh ing  
be tween  them,  t h r o u g h o u t  the  g r e a t e r  r ange  of s p e c t r u m  
tes ted  ne i the r  has  a decided advan tage ,  a l t h o u g h  the i~rst m a y  
show a slightly be t t e r  ag reemen t .  B a t  beyond  X=3"50 /~ ,  
where  the  curve  is ve ry  flat, and  indeed  appears  to t ake  a 
s l igh t  upward  tu rn ,  the  state of affairs is much  be t t e r  repre-  
sented b y  the  second formula ,  which  is the  one aeduced  on 
the suppos i t ion  of the  ]:[all effect. The points  ca lcu la ted  
by this  fo rmula  have  been p lo t ted  in  fig. 2, each b e i n g  
deno ted  by  the apex  of an i n v e r t e d  l e t t e r  V.  

Way Ob- 
lengt served. 
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62 Mr. L. R. Ingersoll o~ the Faraday and 

PAnT II.  

THE KERn EFFECT * 

Du Bets r has shown that, for the visible spectrmn, the 
rotation in the Kerr effect in general increases with longer 
wave-length in the ligh~ used. This is notably true in the 
case of iron or steel, while cobalt and nickel exhibit weakly 
defined minima iu the green and yellow respectively, and 
magnetite appears to reach a maxinmm in the yellow. 
Inasmuch as this is entirely different from the magnetic 
dispersion shown by most substances,Te, g. carbon bisulphide 
- -and is not satisfactorily accounted for by theory, it is a 
matter of considerable interest to determine whether this 
anomalous nature persists throughout the whole spectrum, or 
is merely characteristic of the limited region studied, which 
includes less than "3/~. 

This necessitates infra-red measurements, and accordingly, 
when it was found in connexion with the work on the 
Faraday effect that rotations of the order of a degree could 
be measured, the apparatus was modified to suit the case of 
reflexion, and the effect found to be measurable. The 
results so far obtained show fairly good agreement among 
themselves, indicating as great an accuracy- as might reason- 
ably be expected, in view-of the difficulties of the problem. 
Since, however, they are of quite an unexpected character 
and point to certain rather important conclusions~ it would 
seem most desirable to verify them, with apparatus modified 
to secure greater sensibility, and with more perfect surfaces, 
and thus to explain or remove, if possible, inconsistencies 
which nmst now detract from their certainty. To re-model 
the apparatus, however, and to make a more complete study 
of the problem, including the important case of rotation by 
transmission through thin films of magnetic metals, may 
require considerable time, so the first stage of the work is 
here presented, and is not intended to be regarded as final 
and complete, but rather in the light of" a preliminary report. 

~lethod. 

The rotation was produced by reflexion at the surfaces of 
two small mirrors of the metal to be tested, mounted near 
the ends of the pole-pieces of the magnet. To double the 
effect for greater facility of measurement, and at the same 

* Read in part before meeting of American Physical Society, Chicago, 
April 1905. 

t Wied. A n n .  xxxix, p. 25 (1890) ; Phil. )lag. E5] xxix. p. 253 (1890). 
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Kerr F, ffects in the Infra-red Spectrum. 63 

time to bring the beam out parallel to its original direction, 
and hence permit the use of the already existing apparatus 
with the smallest possible change, double reflexion was 
resorted to, the two magnetic mirrors being held in a small 
brass fi'ame mounted bet~ween the pole-pieces of the magnet. 
These had an air-gap of about 3 cms., and were slightly 
shifted out of line to allow the passage of the beam through 
them as before. To avoid as much as possible the many 
complications of the problem of both magnetic and optical 
character~ such as elliptical polarization~ the incidence was 
made as nearly normal as possible, or about 8 ~ at each 
mirror. While this is somewhat larger than that used by 
du Bois in his work in the visible spectrmn, it is well within 
the limit of 15 ~ for which the effect, as shown by Righi *, is 
practically the same as for normal incidence. 

The method of making observations and their reduction 
was essentially the same as that already described~ and the 
sources of error were also largely identical, although their 
relative importance was very different. Thus, errors of 
adjustment, of impurity of spectrum, and the like, the effect 
of which was previously shown to be a matter of only a few 
per cent., were not worth considering here in view of the 
necessarily large errors of observation, while the question of 
deformation of appar'ltus, due to magnetic traction, which 
was entirely negligible before, became of capital importance, 
for it was almost impossible to mount the mirrors so that they 
would not be warped or shifted by the magnet-field. I-Iow- 
ever, since the mirrors possessed no magnetic polarity, this 
efi~ct, which in general gave rise to an increase or decrease 
of intensity of the radiation measured, did not change sign 
on reversing the magnet~ and hence readily separated itself 
from the true Kerr effect. There is a certain amount of 
elliptical polarization connected with the rotation in the Kerr 
phenomenon, even for small angles of incidence, and it might 
be thought that this would give rise to an error, but it can 
readily be shown that such error would be only of the second 
order, and since direct visual tests showed the amount of 
elliptical polarization to be actually very small~ its effect was 
considered entirely negligible. 

The apparatus was that used for the Faraday tests, with 
the modifications already mentioned and some minor changes, 
such as the increase of the number of polarizer and analyser 
plates from six to twelve. The substances tested were steel 
(hardened), cobalt, nickel~ magnetite, tteusler's metal, and 
silver~ in the form of little polished plates each 6 by 16 nlms. 

* Ann. Chim. _Phys. [6] ix. p. 132 (1886). 
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64 Mr. L. R. Ingerso l l  on the Faraday and 

and about  3 mms. thick. Silver was included in the tests to 
indicate if  any  external cause was ac t ing to produce rotation. 
and hence give rise to a spurious effect. The mat te r  o f  
pol i sh*  was ra ther  troublesome, save in the case of  steel ; so, 
to avoid as much  as possible any  error  due to poor  surthces, 
several different specimens of  each metal  were general ly  
tested, and those re-polished several times. 

Results. 

The results are shown in the curves of  figs. 3 -6 .  I t  has 
not  been t h o u g h t  necessary to give detailed tables of  
galvanometer-deflexions,  but  it m a y  be remarked  that,  by  
increasing the sli t-width and bril l iancy of  the glower,  these 

:Fig. 3.--Variation of Kerr Effect with wave-length. Constant field. 
Glass-plate poIarizing apparatus. 

*100 
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-60  
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~,'AVEL ~NG TH 

were in most  cases made large enough  to be perfect ly  definite, 
amount ing  fbr some of  the points in the steel curves to as 
much  as 30 cms. for values of  2 d I ,  a l though in the case 
of" nickel they  were rarely more than 4 or 5 cms. I t  

-~ Just whether surface impurities have any appreciable effect on 
the dispersion in the Kerr rotation has not been determined. Micheli 
(])rude s Ann. i. p. 565, ]900) found that surface impurities tend to lessen 
the "critical au~ie " as observed for equatorial magnetization, bat no 
conclusions can be drawn from that to apply to the present case. 
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Kerr Effects in the Infra-red Spectrum. 65 

should be stated, however, that, because of unavoidable un- 
steadiness~ points determined by deflexions of less than 
10 rams. must be regarded as uncertain, and this applies 
particularly to those points near the limits of the spectral 
region covered. In the curves, the rotations given, measured 
in minutes of arc, are as determined for the two surfaces-- 
unless otherwise specified; and for reversal of the magnet, 
and hence to be  put on the ordinary basis for the measure- 
ment of the Kerr effect, should be halved so as to obtain the 

Fig. 4.--Variation of Kerr Effect with wave-len~h. Constant field. 
Double-refracting polarizing apparatus. 
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rotation for a single surface. On the same basis as the 
results on the Faraday rotation, they are really fourfold, 
since the rotations in the former case were stated for only a 
single throw of the magnet. As is customary, the sense of 
the rotation is ~ken as negative, being opposite in direction 
t:o current in the magnet-coils. 

To cheek the results with as large a change as possible in 
the apparatus, the curves were all repeated with the glass- 
plate polarizer and analyser replaced by a double,image prism 

PMI. May. S. 6. Vol. 1l. No. 61. Jan. 1906. F 
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66 Mr. L. R. Ingersoll on the Faraday and 

and nicol. They allowed measurement as far as X----2"4/~ in 
the infra-red, and this was almost as far as dependable results 
could be obtained with the use of the plates. While certain 
characteristic differences appear between the curves obtained 
with the two different polarizing arrangements,--both in the 

Fig. 5.--Variation of Kerr Effect with wave-length. Constant field. 
Glass-plate polarizing spparatns. 
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matter of form, which may be due to errors arising from 
oblique incidence at the surface of the nicol, and as regards 
absolute magnitude, which appears somewhat greater when 
measured with the pile of plates,--the results are on the 
whole consistent. The curves of fig. ~ and 6 were made 
with the doubly refracting arrangement. 

The first str~king feature which appeared in the results was 
the marked diminution of rotation with increase of wave- 
length, as is shown in the curves, instead of the reverse effect 
which ~ as to be expected from the results of observations on 
the visible part of the spectrum. This indicated the existence 
of maxima which, in the cases of the three magnetic metals, 
appeared to lie somewhat to the left of 1 ~, but did not prove 
easy to obtain because dependent on points just beyond the 
range of the visible and not far enough into the infra-red for 
accurate measurement, because of lack of energy. However, 
in =everal cases the maxima were clearly indicated, while 
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Kerr Lffects in th~ [n]ra-red Spectrum. 67 

they are especially well brought out in fig. 4, which shows 
the results of a more detailed study of steel. Although the 
magnetic and otber conditions were considerably different for 
the two curves~ they still agree very well. Those points for 

Fig. 6.--Variation of Kerr Effect with wave-length. Constant field. 
Double-refracting polarizing apparatus. (Magnetite curve drawn 
by comparison with fig. 3.) - 
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which the two sets of readings --which, as previously explained, 
were alwa),~s made for each point--agreed most closely, were 
regarded as having the least probable error and have been 
weighted accordingly in drawing the curves. They are 
plotted as circles, and the others as crosses, while the curves 
to which certain ambiguous points belong are indicated by 
small arrows. To show that the slope on the short wave- 
length side agrees with that of du Bets' dispersion-curve of 
iron, made for the Kerr  effect in the visible spectrum, the 
latter curve has been plotted to such scale that it joins on t(~ 
the lower of the given curves at "67 /~, the points being 
represented by triangles. 

Cobalt gave results similar to steel and possesses na especial 
F 2  
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68 Mr. L. R. Ingersoll on tile Faradaj  and 

interest; but nickel, curiously enough, appeared to reverse 
the direction of rotation at about 1"4 ~. This, being such an 
unexpected result, was ibr a time regarded as spurious, but as 
repeated trials on three different samples verified it in all 
cases where the sensibility was high enough, it is now believed 
to be genuine. The samples tested were (1) nickel plated 
on polished brass (points plotted as crosses) ; (2) cast-nickel 
of supposedly exceptional purity from a magnetic standpoint, 
although still containing a trace of iron (plotted as circles) ; 
and (3) commercial roiled nickel (plotted as triangles). As 
may be seen, there is considerable discrepancy between the 
various nickel curves. Thus, in fig. 3, this curve, which was 
made with a rolled-nickel specimen, is unlike its counterparts 
in the other two set% while the different curves of fig. 5 seem 
to show considerable separation after crossing the axis. 
Whether these differences are real and characteristic of the 
different specimens tested, or whether they are spurious, can- 
not yet he stated. Although the measurements on nickel 
were attended with more difficulty than in most of the other 
cases, and the probable error of any point is therefore large, 
it can hardly account for the consistent differences which 
appear between the curves. In view of this disagreement it 
is rather odd that all the curves should cross the axis at nearly 
the same point, as they seem to at about 1"4:/,. 

Magnetite proved very difficult to test, and the different 
curves show poor agreement. Because of" its low reflecting- 
power only a single surface could be advantageously used, 
the place of the other being taken by silver; so the results in 
the curves of figs. 5 and 6 are for this single surface only, 
although they have been doubled in fig. 3, partly to put them 
on the same basis as the others for comparison's sake, and 
partly to avoid confusion. The most noticeable feature of the 
curve for this substance is that, for a good share of the infra- 
red at any rate, the rotation is in the same sense as for steel~ 
although the positive part of the curve, which would agree 
with the positive results found in the visible spectrum by 
du Bets, is well indicated. The second reversal, as found in 
fig. 3, could not be verified in later observations. 

The points on the silver curves were determined with the 
use of two surfaces of silver plated on brass, and in this way 
the zero from which the other rotations are to be reckoned 
was obtained. The curve shows the characteristic Faraday 
dispersion form, and in the proper, that is positive, sense. I t  
is doubtless due to the effect of the weak field in the neigh- 
bourhood of the analyser and polarizer, for its magnitude 
could be altered and even made to disappear, as is seen in 
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Kerr Effects in the [,~fra-red Spectrum. 69 

figs. 5 and 6, by a proper arrangement of the exciting coils 
of the magnet. In the latter two sots of curves the pole- 
coils only were excited, while in the set of fig. 3 one field-coil 
was added. I t  was also largely dependent on whether the 
pile of plates or doubly-refracting substance was used as 
polarizing agent. The points in the set of fig. 3 have all 
been corrected by the use of the silver curve, although this 
has not seemed necessary in the last two sets. Unfortunately 
no silver correction-curve was made for the steel curves of 
fig. ~, its importance not being realized at the time; hence 
there is some doubt as fo whether they correctly represent 
the position and shape of the maximum, although it is pro- 
bable that the correction in this ease would be small, from the 
fact that a single determination at k=1"34/~ with the steel 
covered with silvered glass surfaces gave no effect. The 
silver points have been plotted by somewhat smaller, and 
the magnetite by larger, circles than the others, to avoid 
confusion. 

As a further check on the accuracy of' the results, some 
direct visual observations were attempted. The meth.~d was 
rather crude, for the use of a half-shade apparatus and 
monochromatic light failed to give sufficient illmnination 
with the existing arrangement of apparatus; but it was found 
that fairly good settings for extinction could be made on the 
polarized image of the glower itself, and the rotations so 
determined have been plotted in fig. 6 by the letter V. This 
use of white light would of course give the integral of the 
effect for the whole visible spectrum; but the range, save in 
the case of steel, is small, and in any case it is assumed to 
correspond to the rotation for some wave-length near the 
maximum of visibility, or, nearly enough, for sodium light. 
The agreement with more careful measurements by other 
observers is good, considering the necessary uncertainty of 
field-strength in the present case, for while measurements 
with a test flip-coil indicated about 10,000 c.G.s, units, it 
would vary considerably over the surStce of the specimen, 
which had to have an appreciable area to meet the other 
requirements of the problem. These points in the visible 
spectrum have been conveniently used to connect the du Bois 
rotatory dispersion-curves with those of fig. 6, the former 
results being plotted to such a scale that the rotation for the 
sodium line shall be the same as in the present case. The 
curves join together fairly well, save in the case of magnetite, 
where, the visible spectrum measurements being indecisive, 
the scale is arbitrarily chosen. 

Rather curiously, Heusler's me~al gave entirely negative 
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70 Mr. L. R. Ingersoll on tI~e Faraday and 

results, both in visual and infra-red observations, and while 
the. existing arr'tngement, could not be considered as very 
suitable for the detection of minute rotations, still it may be 
stated with reasonable certainty that the effect, if it exists at 
all, is less than a tenth of the rotation for steel. 

Interpretation o f  Results.  

As to the physical interpretation of the curves, not as 
certain conclusions can be drawn now as, it is hoped, may be 
possible after the work has been extended as already men- 
tioned, bat certain points may be considered. The most 
evident feature is the striking similarity between the com- 
pleted curves as given in fig. 6 and a typical dispersion-curve 
running through an absorption-band. ~ow the general 
theory of magnetic rotation calls for an anomalous character 
of the rotatory dispersion-curve in the neighbollrhood of an 
absorption-band, very similar in fact to the case of ordinary 
dispersion, and indeed intimately connected with it in theory. 
Whether the curve should have oppositely directed branches 
on the two sides of the band, or not, depends on whether the 
hypothesis of molecular currents, or of the Hall effect, be 
admitted in forming the equations. (See Drude's 'Optics.') 
The latter condition is now well known to occur in the case 
of sodium vapour, while curves of the former type have been 
obtained by Sehmauss ~, and quite recently by Wood r who 
worked with a saturated solution of praseodymium chloride. 
In view of this, the most natural conclusion to be drawn from 
the curves above given is that the magnetic metals present a 
case of anomalous rotatory dispersion similar to that found in 
certain absorbing solutions, with the difference that the region 
of resonance-absorption, if such it be, instead of being very 
limited in extent, covers nearly the whole visible spectrum as 
well as a small part of the infra-red ; in the case of steel it 
may even extend into the ultra-violet. This might be con- 
strued as evidence pointing to the existence of free resonance 
periods in metals, although the definite vibration time charac- 
teristic of common cases of resonance would seem to be 
lacking. This general view is somewhat strengthened by the 
fact that the magnetic metals show an increase of refractive 
index, as well as of magnetic rotation, towards the red, in the 
visible spectrum ; and while the dispersion-curves as given by 
du :Bets and Rubens +, show a regular rise without maxima 

�9 Ann. tier .Phys. li. p. 281 (1900), and also seyeral later papers in this 
publication. 

t Phil. Mat. May 1905. 
:~ Wied. Ann. xli. p. 522 0890). 
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Kerr Effects in the Infra-red Spectrum. 71 

or minima as in the present case, it is not unlikely that~ could 
they be extended on each side of the visible spectrum~ more of 
a resemblance to the rotatory dispersion-curves would appear. 

The preceding explanation seeks to interpret the magnetic 
ro~tion of the Kerr effect as a characteristic property of the 
metal itself~ having the same physical significance as the 
simpler case of magnetic rotation in transparent substances. 
Another point of view may be obtained following the sugges- 
tion made by Voigt* some years ago, and later developed by 
du Boist .  The observations of Kundt~, and later of 
Lobach w on rotation by transmission through thin films of 
magnetic metal in a magnetic field, have suggested the 
explanation of the Kerr effect as a special case of rotation 
by transmission, with reflexion below the surface of the 
me~al. This is the now commonly accepted explanation, but 
it does not account for the fact that the rotations in the two 
cases are opposite in sign; and to explain this Voigt and 
du Bois suggest that. one of the circularly-polarized com- 
ponents may in general penetrate deeper into the metal than 
the other~ and hence introduce a difference of phase which 
may give any sort of a rotation positive or negafive. A 
point in favour of this argument is the peculiar reversal 
effect which was found in nickel, and which may most easily 
be explained on this basis, al(hough as regards the negative 
rotation, it is of interest to note that the Hail effect in nickel 
is opposite in sense to what it is in iron and cobalt; and on 
the basis of the Hall effect as an explanation of the Kerr 
phenomenon~ nickel should show a negative ro~ation. 

But even if this view of Voigt and du Bois on the nature 
of the Kerr effect be accepted, it does not necessarily mean 
that the ro~tion dispersion-curves, as found, are without 
physical significance~ but merely that certain effects which 
have been attributed to the property of magnetic rotation 
would then be considered as caused by this~ which might be 
called the differential reflecting-power of the metal, which 
causes the refiexion of the two circularly-polarized com- 
ponents at different mean depths. For it is not unreasonable 
to suppose that this, if it exists at all, is just as characteristic 
a property of the metal, and as intimately related to other 
optical properties, as the power of magnetic rotation by 
transmission itself. 

The negative results given by Heusler's metal are quite 
remarkable, for, to the best of the writer's knowledge, this is 
the only case in which this peculiar metal has thiled to 

Wied. Ann. xxiii, p. 493 (1884). t Ibid, xxxix, p. 25 (1890). 
Ibid. xxiii, p. 236 (1884). w Ibid. xxxix, p. 347 (1890). 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
6:

34
 2

9 
Ju

ne
 2

01
6 



72 Faraday! and Kerr Effects in tlte I ,  fra-red Spectrum. 
exhibit its magnetic properties. If  more careful tests on it, 
as well as on the non-magnetic alloys of nickel, can show that 
the Kerr eiSect is not entirely dependent on magnetic 
properties, a considerable advance will be made towards the 
explanation of the phenomena. 

Summary. 
1. The e?ec~romagr~e~c rotatory d~spers~on of carbon 

bisulphide has been measured by infra-red methods over a 
range of spectrum extending from the sodium lines to 
X=4"3/~, and found to be correctly represented by a formula 
which takes account of the absorption-band beyond 8/L, 
showing that an infra-red absorption-band may affect the 
rotatory dispersion, much as it doe~ ordinary dispersion, over 
a considerable range of spectrum. 

2. The magnetic metals and magnetite show, after wave. 
length 1 ~ in the infra-red, a decrease of the Kerr rotation, 
with increase of wave-length. The complete rotatory disper- 
sion-curves, made by supplementing the results for the infra- 
red by existing observations for the visible spectrum, show a 
marked resemblance to a typical dlspersion-curve in the 
region of an absorpfion-hatld, indicating the existence iu 
metals of something analogous to a region of resonance- 
absorption, extending over the visible spectrum. 

3. The particular cases of nickel and magnetite are notable, 
for the rotation appears to vanish for a particular wave- 
length in each case, and then change in sign. The Kerr 
rotation for the magnetic alloy, Heusler's metal, if it exists 
at all, is less than one tenth of that for iron or steel, although 
the magnetic properties of the metal are quite comparable. 

4. Although the results do not allow of definite conclusions 
as to whether the hypothesis of molecular currents, or of the 
Hall effect, should be accepted in explaining magnetic rota- 
tion, the indications are that the latter theory holds for 
carbon bisulphide--/, e. i~ presents a case analogous to that 
of sodium vapour ; while the curves of the magnetic metals 
require the former explanation, although the reversal of 
nickel might perhaps be considered as evidence for the Hall 
effect. 

In conclusion, I wish to express my sincere thanks to 
Prof. B. W. Snow for his kindness in furnishing apparatus 
and supplies ; to Prof. A. Trowbridge for assistance in pro- 
curing certain specimens of metals; and especially to Prof. 
C. E. Mendenhall, atwhose suggestion the work was under- 
taken, and whose advice throughout its progress has been of 
the greatest service. 

Physical Laboratory, Unlve~ity ef Wi~zconsin. 
July~ 1905. 
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